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We have studied magnetism in Ti\-xCox02-5 thin films with various x and 5 by soft x-ray 
magnetic circular dichroism (XMCD) measurements at the Co L2,3 absorption edges. The estimated 
\ ferromagnetic moment by XMCD was 0.15-0.24 /is /Co in the surface, while in the bulk it was 0.82- 

2.25 ^ts/Co, which is in the same range as the saturation magnetization of 1.0-1.5 /is/Co. These 
results suggest that the intrinsic origin of the ferromagnetism. The smaller moment of Co atom at 
I surface is an indication of a magnetically dead layer of a few nm thick at the surface of the thin 

P3 . films. 

o 
o 

In the rapidly growing research field known as "spintronics" , there is nowadays considerable inter- 
est in the search for dilute magnetic semiconductor (DMS) with high Curie temperatures (Tc), with 
' particular focus on the exploration of different semiconductor hosts. Among them, Tii_a;Co2;02-5 has 
\ attracted much attention^"— . Co-doped anatase Ti02 thin films were first reported to be ferromagnetic 
even above room temperature (~ 400K)i with a magnetic moment of 0.32 hb/Co, and subsequenct 
' works^ reproduced the room temperature ferromagnetism also in rutile Tii_i,Coa;02-5, and the mag- 
\^ , netic ordering was attributed to carrier-induced ferromagnetism^ as in the III-V based DMSi^. In these 
^y-^ ■ works, it was concluded that the Co ions substitute for the Ti cations and that Tii_i^Coa;02-5 can be 
] viewed as DMS^i. Some experimental studies have reported that Tc is up to ~ 650 K— . However, a 
T-H ' large spread of Tc and magnetization has been kept to be reported, depending on the preparation condi- 
I ] tions, the resultant oxygen content, and the distribution and concentration of Co atoms (for review see 
^ , Refji^). Anomalous Hall effect (AHE) measurements on rutile Tii_a;Co3:02-5 films with systematically 
different Co contents and carrier doping levels^ have confirmed the room temperature ferromagnetism 
in this material and strongly suggest that the ferromagnetism is intrinsic and not due to Co clustering. 
^ ' At the same time as the AHE measurements were reported, a magnetization study of highly reduced 
■ - - rutile thin film sample revealed the co-occurrence of superparamagnetism and AHE, casting a doubt 
on the reliability of AHE for determining whether the ferromagnetism in Tii_2;Co2;02-5 is intrinsic or 
extrinsic^, and the origin of ferromagnetism still remain unclear. 

In this Letter, we report measurements of x-ray absorption spectroscopy (XAS) and x-ray magnetic 
circular dicroism (XMCD) at the Co ^2,3 edges of rutile Tii_2;Co2;02-5 thin films with various Co 
concentration x and oxygen vacancy S to clarify the origin of the ferromagnetism. XAS is well known 
as a very useful method to determine the electronic structure of transition-metal atoms and its XMCD 
signal reflects the magnetic state of the same atoms. Mamiya et al. 's XMCD spectra of Tii_2;Coa;02-<?^ 
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are distinctly different from the previous results by Kim et al^, where they studied Tii_2;Co2;02 samples 
heat-treated prior to the measurements. They observed no multiplet features at the Co ^2,3 edges in 
their XMCD spectra, attributing the XMCD signals to those of segregated metallic Co clusters. The 
segregated Co clusters in their samples obviously arose from high annealing temperature (673K) in a 
vacuum, as indicated by the systematic increase of the XAS and XMCD signals of metallic Co^, and 
may not be due to the intrinsic properties of Tii_2;Cox02. While Mamiya et al.'s Co ^2,3 resultiii 
clearly indicates that the Co^+ ions in rutilc Tii_a;Coa:02-5 are the divalent high-spin ionic state, 
Co^+, indicating that the doped Co atoms substituted for the Ti sites and are responsible for the 
ferromagnetisniii. However the XMCD signal corresponds to only ^ 0.1 ^b/Co, much smaller than 
the saturation magnetization of ~ 1.0 /i^/Co deduced from SQUID measurements for bulki^ . In this 
study, we compare XMCD results taken using the surface sensitive in agreement with Mamiya et alt^ 
total electron yield (TEY) and those taken using the bulk-sensitive total fluorescence yield (TFY) mode, 
together with SQUID measurements. In the TEY mode, we observed a small XMCD signal at the Co 
L23 edges, which corresponds to ~ 0.15-0.24 ^b/Co while in the TFY mode it was 0.82-2.25 hb/Co 
which is much larger than Mamiya et aZ.'s resultsii and consistent with SQUID measurements. We 
have thus found that the Co ion indeed has a large moment corresponding to the bulk magnetization. 
The spectral line shape can be accounted for by that of Co^+ atom, representing that the origin of 
magnetization should be Co atoms in the Tii_a;Coa;02_5 oxide matrix. 

Rutile Tii_2:Co2:02-5 (101) epitaxial thin films with x = 0.03, 0.05 and 0.10 were synthesized by 
the pulsed laser deposition method on r-sapphire substrates at 673K at different oxygen pressures, 
Po2= 10~^ or 10~^ Torr— . The samples fabricated in oxygen pressure Po2=10~^ ^^.d 10~^ Torr are 
named as low-(5 and high-J, respectively, since the number of oxygen vacancies increases with decreasing 
oxygen pressure. Segregation of secondary phases were not observed under careful inspection by x-ray 
diffraction, AFM, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). 
Its ferromagnetism at room temperature was confirmed by Hall-effect measurements, magnetization 
measurements, and MCD measurements in the visible region^iilii^. The XAS and XMCD measurements 
were performed at BL-llA of National Synchrotron Radiation Research Center, Taiwan. In XMCD 
measurements, magnetic fields was applied to the sample along out-of-planc. XAS and XMCD spectra 
were obtained in the TEY and TFY modes without surface preparation in order to avoid possible 
destruction of the sample surfaces. The probing depth of the TEY mode and TFY mode was ~ 5 and 
100 nm, respectively. 




FIG. 1: (Color online) (a) Magnetization vs. magnetic field curves of rutile-type Tii_a;Coa;02-4. Inset shows M 
(H) curve around zero magnetic field at 300 K. (b) Magnetic phase diagram as a function of electron carrier 
density and Co concentration deduced from ordinary Hall effect at 300 K for Tii_a;Coa;02-5. Solid and open 
symbols denote ferromagnetic and paramagnetic samples, respectively. Circle, square, triangle and diamond 
symbols correspond to Po2 = W^^ , 10^", 10^^ and 10^* Torr, respectively, during synthesis. 



Figure l(a)-(b) shows magnetic properties of Tii_a;Coa;02-5 at 300K with different x and electron 
carrier density (rie). It is clear from Fig.l that the magnetization M(H) was in the range 1.0-1.5 fj,B /Go 
with coercive force around several tens of Oersted, and increases with S ot n^. In M(H) measurements, 
magnetic field was applied to the sample along out-of-plane i.e. direction of rutilc (101). AHE mea- 
surements for Tii_2;Co2;02_5 with different and x also showed the same magnetic field dependences. 
The resultant magnetic "phase diagram" shows that higher rig and x induce the ferromagnetic phase as 
shown in Fig. 1(b). 

In Figure 2, we show the Co L2,3-edge XAS and XMCD spectra of Tii_^Co,;02-5 (x=0.03, 0.05 
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FIG. 2: (Color online) (a) Co L2,3 XAS and (b)-(c) XAS and XMCD spectra of rutile-type Tii-^Coa02-i 
samples for x=0.05, high-J taken in the TEY mode at T = 300 K and fl" = 1 T. 



and 0.10 with low- and high-5) thin films taken in the TEY mode. In the figure, and /i_ stand 
for the absorption coefficients for photon helicity parallel and antiparallel to the Co majority spin 
direction, respectively. The XMCD spectra (A/i= ^_|_ - have been corrected for the degree of 
circular polarization of the incident light. The XAS spectra of the rutile-type Tii_2:Co2:02-5 thin films 
showed multiplet features. Here, we follow Mamiya et ali^ and refer to each multiplet feature as A-G. 
The XMCD spectra show clear multiplet features that correspond almost one-to-one to those in the 
XAS spectra. The line shapes of the XAS and XMCD spectra are almost the same as Mamiya et alr^. 
The estimated magnetic moment is in the range of the 0.15-0.24 /is/Co consistent with Mamiya et ali^, 
while the saturation moments deduced from the SQUID magnetization measurements is 1.0-1.2 ^s/Co. 
In contrast to Kim et al^, the present experiment clearly revealed multiplet features in the XMCD 
spectra corresponding to those in XAS without annealing, consistent with the ferromagnetism arising 
from Co^+ ions which are coordinated by ions^i. The experimental data, i.e., XAS and XMCD 
spectra, show qualitatively the good agreement with the calculated spectra for the Co^+ high-spin 
configuration in the D2h crystal fieldii. 




FIG. 3: (Color online) (a) Co L2,3 XAS and (b)-(c) XAS and XMCD spectra of rutile-type Tii_^Co:,02-i 
samples for x=0.05, high-(5 taken in the the TFY mode at T = 300 K and if = 1 T. 



Figure 3 show the results of the Co ^2,3 XAS and XMCD spectra of the same samples taken in the 
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TFY mode. From the figure, it is clear that the XMCD intensities are much higher than those taken 
in the TEY mode. The large difference between the bulk-sensitive TFY and surface-sensitive TEY 
modes indicates that there is a magnetically dead layer of ^ 5 nm, at the surfaces of the samples, which 
is consistent with recent measurements of the film thickness dependence of AHEiii. The spectral line 
shapes of the XAS and XMCD spectra of the x = 0.05, high-(5 sample shows a clear multiplet feature 
while the other sample shows relatively weak multiplet features. A possible origin of the weakness of 
the multiplet features might be the limited S/N ratio. The fine structure, which is indicative of Co^+, is 
more pronounced in the TEY than in the TFY modes. This is because in this compound, there should 
be at least as many oxygen vacancies as Co and electrostatic interaction from the oxygen vacancies may 
affect Co position significantljsi^ and hence we incorporated the random crystal field in our calculations. 
In the surface region, which is observed by the TEY mode, the position of Co atoms may be optimized 
in a similar way because of the oxidation and less structural constraint at the surface, resulting in 
relatively uniform crystal field. On the other hand, in the bulk, probed by the TFY mode, the position 
of Co atoms might be frozen in various local structures. The random crystal fields in the 3D crystal 
lattice make the TFY spectra broad and different from the TEY spectra. The XAS and XMCD spectra 
taken in the TFY mode also show good agreement with the calculated spectra for the Co^+ in bulk 
Tii_^Coa;02 with random crystal fieldsi^.The parameters used in the calculations listed in Table I. 
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FIG. 4: (Color online) M-H relation of SQUID magnetization and magnetization estimated from the XMCD 
spectra 'T\i^xCox02~&- 



TABLE I: Electronic structure parameters for rutile Co-doped Ti02 thin film used in the cluster-model cal- 
culations in units of eV : the charge-transfer energy A, the on-site 2>d-2>d Coulomb energy Udd, and the 3rf-2p 
Coulomb energy Udc on the Co ion, the hopping integral between Co 3d and O 2p Vkg , and the crystal-field 
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D2h low spin 4 5 
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1.1 


1.1-1.2 


38% 


Oh low spin 3 6 
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1.1 
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38% 


Oh high spin 2 5 


7.5 


1.1 


0.8-0.9 


24% 



Figure 4 shows the magnetization estimated from the XMCD spectra taken in the TFY and TEY 
modes using optical sum rules^^ compared it with M-H curves from magnetization measurements as 
well as cluster model calculations. For the validity of sum rule in this case we divided the obtained spin- 
magnetic moment by a correction factor 0.93^^. The magnetic moment obtained from cluster model 
calculation is lASfiB /Go. Nevertheless, the Co magnetic moment is found to be obviously much larger 
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in the bulk region than in the surface region. Since the TFY suffers from self-absorption so the magnetic 
moment obtained by optical sum-rule is not so accurate like TEY mode. The magnetization estimated 
from the XMCD spectra taken in the bulk-sensitive TFY mode are similar to those estimated from 
the SQUID measurements as well as cluster model calculations, which strongly suggest that the Co 
ions in the bulk region are responsible for the ferromagnetism while the surface layer of the film looks 
like magnetically dead layer, as confirmed by the XMCD taken in the surface-sensitive TEY mode. 
Ti02 has an extraordinary chemical stability, hence we can rule out possible surface degradation as a 
cause of decrease in surface magnetization. From surface characterization techniques such as AFM and 
reflection high energy electron diffraction, we have not observed any change in the surface state. Also, 
from spectroscopic techniques, we have not observed a significant time dependence of XMCD and x-ray 
photoemission spectroscopy. Figure 1(a) shows magnetic hysteresis of Tii_2.C0a;02_5 with different x. 
The coercive force is so small that the hysteresis is difficult to resolve by XMCD setup. The magnetic 
anisotropy with out-of-plane easy axis is not so strong in Tii_a;Coa;02-5. As reported by Fukumura et 
alr^ , even the out-of-plane anisotropy depends on Co content and carrier density. Thus, it is difficult 
to draw unified explanation of the magnetic anisotropy at present. 

In conclusion, we have studied the high temperature ferromagnetism observed in rutile-type 
Tii_2.Coa;02-5 films using x-ray magnetic circular dichroism at the Co i2.3 edges (both in the TEY and 
TFY mode). These results represent that the high temperature ferromagnetism is originated from the 
Co^"*" atoms, most probably charge carriers induce the ferromagnetism. The magnetic moment of the 
Co ions as long as 0.82-2.25//b/Co was first observed by the bulk sensitive TFY method. The magnetic 
moment value deduced with the TEY mode ( 0.15-0.24 /ie/Co) indicates the presence of a magnetically 
dead layer of ~ 5 nm thickness on the sample surface. 

This work was supported by a Grant-in-Aid for Scientific Research in Priority Area "Creation and 
Control of Spin Current" (19048012) from MEXT, Japan and a Global COE Program "the Physical 
Science Frontier" from MEXT, Japan. 
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